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INTRODUCTION
Microbes play key roles in global biogeochemical cycles, yet the factors controlling microbial biogeography remain poorly understood (Fierer and Jackson 2006; Zeglin 2015) . Modern community assembly theories relate microbial diversity patterns to mechanisms such as selection, dispersal, drift and mutation (Hanson et al. 2012) whose importance varies across different scales and environments. The environmental selection or 'species sorting' perspective emphasizes the influence of environmental heterogeneity on community composition. Meta-analyses of global biodiversity have revealed clear species sorting due to environmental selection but also identified unexpected overlap between soil, sediment and freshwater communities (Lozupone and Knight 2007) . Environmental selection occurring through periodic disturbances such as flooding, seasonal nutrient variation and biofilm erosion often leads to temporal shifts in community structure (Battin et al. 2016) . In contrast to strictly selection-based community assembly views, initial colonization of surface freshwater and biofilm communities occurs through dispersal from upslope soil communities (Hullar, Kaplan and Stahl 2006) followed by selection processes (Crump, AmaralZettler and Kling 2012) . Even in established communities, hydrological connectivity can facilitate microbial dispersal through hyporheic exchange between surface and groundwater as well as headwater mixing at stream confluences (Besemer et al. 2013) . Field experiments with model organisms such as Escherichia coli have revealed that exchange between streams and underlying sediments can facilitate the dispersal of microbes, but few studies have been done to identify cross-environment dispersal on larger scales (Drummond et al. 2015) .
Intensive agricultural practices alter nutrient and soil particle transport within watersheds, though the impact of these modifications on microbial dispersal is currently unknown. These practices in intensively managed landscapes have also altered the hydrology, especially in the Midwest region of the United States where the natural flow of runoff has been transformed. In many agricultural fields 'tile drains', or underground pipes used to quickly drain excess water from soils and deliver it to adjacent stream channels, are installed (Basu, Thompson and Rao 2011) , and there has been an increase in nitrogen loading from agriculture (Mulholland et al. 2008) . Tile drains account for ∼80% of runoff in the Upper Sangamon River Basin (USRB) and can increase landscape connectivity between soil and shallow groundwater, and accelerate soil erosion (Li et al. 2010) . Increased runoff combined with monocultural corn-soybean crop rotations can minimize heterogeneity between habitat patches. Decreased environmental heterogeneity and faster hydrological transport of microbes can increase dispersal between patches and alter microbial biogeography. In addition to increasing dispersal, this enhanced 'landscape connectivity' can reduce nutrient variability across a basin or watershed as well as decrease phylogenetic and functional diversity (Jangid et al. 2011) resulting in lower community resistance and resilience (Allison and Martiny 2008) .
The impact of environmental gradients on microbial beta diversity is well documented. Within aquatic ecosystems (e.g. rivers and lakes) and semi-aquatic ecosystems (e.g. floodplains), nutrient loading, hydrology, land use type and climate change have been shown to shape microbial communities (Sutton and Findlay 2003; Hullar, Kaplan and Stahl 2006; Crump et al. 2009 ). Similarly, microbial biogeographic patterns in soil are influenced by land-use type, pH, soil composition and climatic conditions across broad geographical scales (Fierer et al. 2012 (Fierer et al. , 2013 Ma et al. 2016) . Microbial dispersal limitations have been reported less frequently (Whitaker 2003) , but distance-decay patterns in the absence of clear environmental gradients suggests that transport and historical factors can lead to increased beta diversity (Martiny et al. 2006) . Intermittently flooded river cut banks and floodplains with exposed sediments can facilitate dispersal between soil and aquatic environments but the importance of these areas impact on microbial dispersal and community similarity to surrounding environments is unknown.
Here, we characterize the surface terrestrial (i.e. soil and floodplain sediments) and aquatic microbial communities within the USRB to illustrate the importance of landscape connectivity and agricultural land use in structuring microbial communities. We define connectivity as the ease of dispersal between habitat patches (Tischendorf and Fahrig 2000) . We used 16S rRNA V4 amplicon sequencing to analyze the microbial communities of diverse environments in the basin, which is part of the Intensively-Managed Landscape Critical Zone Observatory (IML-CZO) in central Illinois. We hypothesized that on the basin level, bacterial communities would be influenced by both environmental selection and dispersal via fluvial transport. We also hypothesized that hydrology-driven dispersal would connect bacterial communities downriver in all three environments. We compared community composition, diversity and co-occurrence patterns to test these hypotheses. Further, we employed source tracking to quantify the downstream longitudinal connectivity and lateral connectivity between media types. Lastly, we identified environmental gradients linked with community dissimilarity and then compared the relative importance of distance and environmental factors on community dissimilarity within each environment.
METHODS AND MATERIALS

Site selection and sampling
We surveyed the microbiome of the USRB, a low-relief 3600 km 2 area located in central Illinois (Li et al. 2010; Rhoads, Lewis and Andresen 2016) . A map of the basin including elevation and land use is provided in Fig. S1 (Supporting Information). The USRB is one of three primary field sites of the IML-CZO project. The USRB includes a wide variety of landscape and land cover types that have been highly modified by anthropogenic processes (Urban 2005) . Over 83% of the USRB land area is row-crop agriculture, primarily farmed for corn and soybeans (Keefer, Bauer and Markus 2010) . The remaining 17% of the land area is used for growing grains and specialty crops and cattle grazing (pastures), or covered by deciduous to mixed riparian forest, restored tallgrass prairie, urban land and woody wetlands (USDA NASS 2008). The microbiome survey was conducted over a period of several months in 2014. An initial set of soil and sediment samples were collected from two cores (CHAM-14-01 and CHAM-14-02) taken at one site on 7 March 2014 (Fig. S1 ). Additional soil, sediment and water samples were collected across the northern half of the USRB from 21 August to 22 August 2014. A total of 77 samples were collected, and their locations are shown in Fig. 1 .
In the August 2014 campaign, samples were collected of water, surface soil and floodplain sediments from areas having a wide variety of land cover types. Water samples were obtained from (i) the Sangamon River and the Wildcat Slough tributary, (ii) soil pore water from 6-inch and 24-inch deep lysimeters and (iii) outflow from tile drains. The lysimeters are installed in a restored prairie at the Sangamon Park Forest Preserve (Fig. S1 ). Tile drains occur throughout the watershed. Soil samples were collected from the A and B soil horizons that are developed in different parent materials, including windblown silt and sand (loess), river alluvium, glacial outwash and glacial till (Endres 2001; Collman, Cochran and Werner 2004) . Soil samples were obtained from 10 to 20 cm deep hand-dug pits and stream banks. The soil and sediment samples are clayey to sandy in texture and are weathered or unweathered (leached and calcareous). The alluvial sediment samples were taken from exposed cut banks and floodplains along the Sangamon River and Wildcat Slough. In the upstream reach of the Sangamon River, the floodplain narrows (<500 feet wide) and the sediment samples were taken from cut banks within a few meters of the river. In the downstream reach of the Sangamon River near the confluence with Wildcat Slough, the floodplain is much wider (>750 feet wide) and the sediment was sampled from located further away from the river. Soil and sediment samples were grouped into four classes based upon the land cover type at the site: (i) cultivated land for row crops-primarily corn and soybeans; (ii) pasture, used for grazing by cattle and goats; (iii) restored prairie recently removed from cultivation; and (iv) riparian deciduous and mixed forest.
For both soils and sediments, a 1 g sample was collected using a sterile scoop from the cleaned off walls in hand-dug pits or vertical faces in cut banks. The sampled material was transferred to a sterile Whirl-Pak bag and immediately frozen on dry ice. For the river water, a 1 L sample was collected for microbial community analysis using a sterilized bucket, and then transferred immediately to a sterile 1-L glass bottle. The bottle was put on dry ice until being transported back to lab where the samples were filtered through a sterile Millipore Sterivex-GV 0.22 μm filters (Cat. No. SVGV010RS), as per Earth Microbiome project protocols. A separate 1-L water sample was taken for chemical analyses, performed at the Illinois State Water Survey (ISWS). Soil, sediment and filtered water samples were stored at -80
• C prior to DNA extraction. At the tile drains, 1 L of water was collected directly from the outlet. In the lysimeters, soil pore water was sampled.
Water chemistry measurement
For each river and tile water sample, pH and specific conductivity were measured in the field using a Hydrolab HL4 Multiparameter Sonde manufactured by Ott Hydromet. Water samples for nutrient analysis were stored in the field on dry ice and sent to the ISWS for analysis within 24 h of collection. Water samples were analyzed for total phosphorus (mg P/L), total Kjeldahl nitrogen (TKN, mg/L), dissolved phosphorus (mg P/L), orthophosphate (mg P/L), nitrate (mg N/L) and ammonia (mg N/L) following standard methods (US EPA 1979). Soil pore water collected in the lysimeters was not analyzed for water chemistry due to the limited volume available.
DNA extraction, 16S rRNA gene amplification and sequencing
Genomic DNA was isolated from soil, sediment and water filter membrane samples using a modified protocol of the PowerSoil R -htp 96-well Soil DNA Isolation Kit (MO BIO, Laboratories, Inc.). The modified protocol includes a step to heat the lysing solution and sample mixtures to 65 • C for 10 min prior to bead-beating. Genomic DNA was amplified using the Earth Microbiome Project (EMP) barcoded primer set (515F-806R) targeting the V4 region of the bacterial 16S rRNA gene, and was adapted for the Illumina MiSeq platforms by adding flow-cell adapter sequences and 12 extra bases in the adapter region of the forward amplification primer that support paired-end sequencing. V4 16S amplicon sequencing is widely used and was selected for the purpose of detecting broad-scale dispersal between environments. The reverse amplification primer also contained a 12-base barcode sequence that supports pooling of up to 2167 different samples in each lane. PCR conditions followed the EMP protocol and are available in the Supplementary Methods (Caporaso and Knight 2011) . Following pooling, amplicons were quantified using PicoGreen (Invitrogen) assay and a plate reader. Once quantified, different volumes of PCR product from each sample were pooled into a single tube to equalize the concentration of amplicons from each sample. This pool was then purified using the UltraClean R PCR Clean-Up Kit (MO BIO) and quantified using Qubit (Invitrogen). After quantification, the molarity of the pool was determined and diluted to 2 nM and then the pools were denatured and sequenced together in a single Illumina MiSeq run (150 bp × 2). Raw FASTQ files were submitted to the Short Reads Archive (accession number SRR5581933).
Sequence data analysis
Paired-end reads were quality trimmed to remove sequences with more than 1 error per 100 bases, de novo chimera filtered and processed for operational taxonomic unit (OTU) clustering using the UPARSE pipeline (Edgar 2013) in USEARCH v8 (Edgar 2010 ) at a 97% identity cutoff. A second chimera filtering was performed using the UCHIME algorithm (Edgar et al. 2011) after OTU clustering as a post-processing step based on the ChimeraSlayer reference database from the Broad Microbiome Utilities (version microbiomeutil-r20110519). Taxonomy was assigned to OTUs using the Ribosomal Database Project database (Cole et al. 2003) . Multiple sequence alignment and phylogenetic reconstruction were performed using PyNast and FastTree (Caporaso, Bittinger and Bushman 2010) . The filtered OTU table was processed to remove samples with fewer than 150 reads, which are usually uninformative and indicative of low-quality reads (Navas-Molina et al. 2013) . Finally, we rarefied samples to 10 000 sequences for downstream alpha and beta diversity analyses. Both R and QIIME v1.9 were used to estimate the total expected OTU richness from original OTU tables using the specnumber function in the R package Vegan (Oksanen et al. 2017) and to calculate alpha and beta diversity with filtered OTU tables. Abundant (>1% relative abundance) and rare (<1%) OTUs were separated by Mantel spatial analysis to better resolve the spatial patterns of microbes in different environments. Statistical analyses of differences in alpha and beta diversity between samples were performed in R, Python and QIIME. Differential abundance across media types was analyzed using the Kruskal-Wallis test implemented in the QIIME script group significance.py. The reported false discovery rate (FDR)-corrected P-values were corrected for multiple comparisons by the Benjamini-Hochberg FDR procedure. Beta diversity comparisons were performed with weighted UniFrac distances using ANOSIM implemented in the R package Vegan. Partial redundancy analysis (partial RDA) was selected to analyze the relationships between weighted Unifrac distances and environmental parameters due to its ability to detect community dissimilarity uniquely explained by different factors. Mantel tests were used to analyze correlations between weighted Unifrac distances and spatial distances. Detailed descriptions of alpha and beta diversity analyses and associated statistical tests are provided in the Supplementary Methods.
Co-occurrence network construction
Following the recommendations in Weiss et al. (2016) , we analyzed co-occurrence patterns within and between environments. We rarefied our dataset to the top 1000 OTUs by average abundance to remove rare OTUs and divided samples into groups by media type-water, soil and sediment. We inferred the co-occurrence network in each media type using an ensemble correlation metric composed of Spearman's and Pearson's correlation coefficients, which represent the strengths of co-occurrence between pairs of OTUs (Williams, Howe and Hofmockel 2014) . Positive correlations are considered to indicate co-occurrence relationships, while negative correlations indicate either competition or non-overlapping niches. We corrected the Pearson correlation coefficients for compositionality effects using the ccrepe package in R (Bielski and Weingart 2014) and adjusted the p-values for multiple testing using the FDR method implemented in the fdrtool R package (Strimmer 2008) . Ccrepe uses a bootstrapping procedure to calculate P values to help mitigate compositionality effects. P values are calculated by comparing each edge correlation score with a null distribution constructed by randomly permuting the data in those rows and comparing the true correlation score with the mean and variance of the bootstrap sample. This method is less sensitive to compositional effects than raw correlation score since it takes into account the underlying compositionality of the dataset. The Spearman correlation values were not corrected for compositionality but the P values were subjected to FDR correction to account for multiple hypothesis testing.
We constructed co-occurrence networks with the igraph R package (Csardi and Nepusz 2006) . Each OTU is represented by a node, and pairwise relationships (co-occurrence or exclusion) are represented by edges. For our ensemble approach, edges were only included if they exceeded the FDR-adjusted P-value and compositionality corrected ρ cutoffs in both metrics. We investigated these relationships based on the strength of correlation ρ values ≥0.5 and 0.75 for co-occurrence, and ρ values ≤ -0.75 and -0.5 for competition (Williams, Howe and Hofmockel 2014) . The cutoff of FDR-adjusted P-values was set to 0.05. We then characterized the co-occurrence network topology in terms of node degree (number of adjacent nodes). Wilcoxon rank-sum tests were performed to test for statistical differences in network degree distribution between aquatic and terrestrial environments.
Microbial community connectivity tests
We employed a Bayesian-based community-wide approach in the software SourceTracker v0.9.8 (Knights et al. 2011 ) to identify connectivity patterns of microbial communities on the basin scale. Sourcetracker was originally developed to infer the proportion of sequences in a 'sink' community originating from multiple 'source' communities. It uses Gibbs sampling to assign each sequence in a sink community to a likely source community based on its abundance in each source. We performed source tracking on OTUs present in at least seven samples (around 10% of all samples). All samples were rarefied to 1000 sequences, using the default setting of α = 0.001. If <1000 sequences were available for a sample, then all sequences for the sample were used. To test for longitudinal connectivity along the drainage network, we estimated the contribution from upstream source communities to those located near the Sangamon River Forest Preserve and further downstream (Fig. S1 ). All of the samples located upstream of each 'sink' sample were considered as valid 'source' communities in the analyses. Sources were grouped by sample media (upstream water, soil and sediment). We evaluated lateral riparian exchange between environments by examining contributions from aquatic microbial communities to microbial communities in soil and sediment, and vice versa.
RESULTS
Dominant taxa in the USRB watershed
The microbiome survey yielded 14 million high-quality 16S rRNA V4 amplicon sequences representing 117 602 distinct OTUs (97% nucleotide identity) from the 77 samples. Many taxa were present in multiple environments, and several were ubiquitous across all of the environments in the USRB, suggesting adaptation to a broad range of conditions or frequent connectivity between environments. We defined ubiquitous taxa as those found in at least 80% of the samples from each environment. We found that at the class level, Actinobacteria, Alphaproteobacteria, Betaproteobacteria and Deltaproteobacteria were ubiquitous. At the family level, Comamonadaceae and Burkholderiales were ubiquitous across all three environments studied.
Despite the ubiquity of some organisms, the average relative abundance of dominant bacteria differed significantly between the water, soil and sediment samples (Fig. 2) . Proteobacteria was the most abundant phylum in all three environments (mean abundance = 36%). As expected, dominant phyla differed between water and soil communities in the USRB. Surprisingly, similar taxonomic classes dominated sediment and soil communities. The ternary diagram in Fig. 2C shows the fraction of sequences from the nine most common phyla found in all three environments. Proteobacteria, Actinobacteria and unclassified reads cluster near the center, indicating similar abundance communities in water, soil and sediment. The majority of Chloroflexi and Bacteroidetes sequences derived from soil and water samples, respectively, and the remaining phyla had similar abundances in soil and sediment though much lower abundances in water samples. Moreover, analyses at finer taxonomic resolution revealed larger differences in community structure. Differential abundance analysis (ANOVA, P < 0.001, Fig. 2B ) revealed significantly higher abundances of Alphaproteobacteria, Deltaproteobacteria and Betaproteobacteria across soil (10.8 ± 8.1%), sediment (14.0 ± 11.3%) and water (33.1 ± 15.0%), respectively. Genus-level differential abundance analysis (ANOVA, P < 0.001, Fig. S2 , Supporting Information) highlighted 20 genera as differentially abundant between soil, sediment and water samples. Known soil microbes such as Bacillus and members of the Rhizobiales predominated in terrestrial habitats, whereas water samples had higher abundances of commonly occurring freshwater genera, including Leptothrix, Terrabacter and Polynucleobacter.
Microbial community dissimilarity patterns
First, we compared community alpha diversity between environments using richness (observed OTUs), as well as Shannon diversity after rarefaction to 10 000 sequences per sample. Both metrics were significantly higher for communities in sediment (Shannon diversity = 440 ± 195) than soil or water (316 ± 311 and 216 ± 541, respectively, ANOVA, P = 0.027) (Fig. S3 , Supporting Information). Within each environment, site conditions were compared with alpha diversity to identify factors that were correlated with richness. In the water samples, temperature, pH, specific conductivity, nutrient concentrations and sampling depth were analyzed. Water temperature and pH were negatively correlated with community richness (Pearson R = -0.66 and -0.74, respectively, P < 0.001) (Fig. S4 , Supporting Information). Other environmental parameters did not show significant correlations. Within the soil and floodplain communities, microbial community richness decreased with depth in the soil (r = -0.39, P < 0.05), but not with depth on the floodplain.
Beta diversity analysis (weighted UniFrac distance) revealed clear demarcations between environments (soil, sediment, and water), as shown in a PCoA ordination plot of all samples in Fig.  S5 (Supporting Information). Figure 3 shows intragroup (e.g. all water vs water and sediment vs sediment) and intergroup (e.g. all soil vs water) weighted UniFrac distances in blue and green, respectively, for each pair of environments. Results of ANOVA tests of inter versus intra group similarity are shown above each pair of environments. Panels A and B demonstrate the consistent and distinguishable community structures for terrestrial versus aquatic communities. Weighted Unifrac distance was higher between than within environments for sediment versus water samples (ANOSIM R = 0.77, P < 0.001). The mean of intergroup pairwise-weighted UniFrac distance was 0.53 and those of intragroup comparisons were 0.39 and 0.29 for water and sediment, respectively, as depicted in the distance histogram (Fig. 3A) . Similar to water and sediment communities, water and soil communities were distinct from each other (ANOSIM R = 0. 74, P < 0.001) (Fig. 3B) . In contrast, Fig. 3C shows that the soil and sediment consortia had a much lower intergroup dissimilarity (mean = 0.35) that was similar to the corresponding intragroup comparisons (ANOSIM R = -0.14, P = 0.951). These results indicate that microbial communities significantly differ between terrestrial (soil and sediment) and aquatic (water) environments.
In addition to environmental species sorting, microbial communities often display spatial autocorrelation or distance-decay patterns. Typically, environmental selection is thought to increase distance decay whereas high dispersal minimizes this effect (Hanson et al. 2012) . To test whether dispersal impacted overall or rare community structure in the basin, we quantified community beta diversity distance decay using weighted Unifrac distances based on all OTUs, as well as based on only highly abundant (≥1% average abundance) or rare OTUs (<1% abundance) (Fig. S6, Supporting Information) . Communities differed more across medium type than by spatial distance across the watershed (ANOSIM R = 0.53, P < 0.001). We identified significant distance-decay relationships for both abundant (≥1% average abundance) and rare OTUs (<1% abundance) in aquatic communities (Mantel r = 0.34 and 0.20, respectively, P < 0.05). Abundant OTUs in sediment samples displayed significant distance decay as well (Mantel r = 0.39, P < 0.05), though none of the soil community subsets showed distance-decay relationships. Interestingly, the soil and sediment communities were more spatially homogenous than the water communities, which was unexpected due to higher dispersal and connectivity in the aquatic communities.
Using partial RDA, we calculated the fraction of beta diversity that could be uniquely explained by measured environmental factors and streamwise distance between the water communities (Table S1 , Supporting Information). We individually constrained weighted Unifrac distances using nutrient concentrations (TKN, nitrate and ortho-phosphate), other environmental factors (temperature, pH and conductivity) and a single variable representing location in the drainage network (up-or downstream sites) while partialling out the other variables. Sites in the up-or downstream locations were separated by at most 9 km streamwise, whereas at least 35 km separated the two groups. The largest single factor in explaining community similarity was the location along the drainage network, which explained 13.6% of weighted Unifrac distance. Nutrient concentrations were the next most important factors with TKN and nitrate explaining 8.2% and 10.0% of community variation, respectively. Covariation between measured variables explained an additional 8.5% of total variation. Similar to distance-decay results, community composition was strongly influenced by location independent of environmental factors, suggesting that microbial dispersal is important in structuring microbial communities within the USRB.
Microbial connectivity within the USRB
We characterized microbial community connectivity at the basin scale to test whether microbial dispersal influenced community structure. Most notably, aquatic microbial communities were highly related throughout the watershed (Fig. 4A) . SourceTracker analysis revealed that 85.4 ± 13.3% of the sequences in downstream water samples derived from upstream water sources. However, there was significantly less contribution from upstream soil and sediment to downstream water samples (0.2 ± 0.8%, and 0.02 ± 0.08%, for sediment sources). Source proportions for downstream aquatic communities did not vary with distance from upstream sources (Mantel test, P = 0.99), suggesting that there was strong upstream-downstream connectivity along the drainage network. A large unknown source was observed in all water samples. Both soil and sediment communities ( Fig. 4B and C ) sourced higher proportions of OTUs from upstream soil and sediment (soil-22.3 ± 23.3% from upstream soil, 44.7 ± 26.6% from upstream sediment; sediment-38.49 ± 26.30% from upstream soil, 29.7 ± 30.7% from upstream sediment) than from upstream water (to soil-0.5 ± 11.2% and to sediment-0.1 ± 3.5%).
Notably, the proportion of sequences in sediment sourced from upstream samples decreased with distance from the source (Mantel R = 0.30, P = 0.007 for soil; R = 0.21, P = 0.038 for sediment). No significant spatial patterns were found in upstream soil or sediment sources (Mantel P = 0.373 and 0.688, respectively) to downstream soil communities. Spatial differences in source community proportions could indicate that dispersal limitations prevent connectivity between up-and downstream communities in the sediment. Because hydrological connectivity, and therefore dispersal between soil samples at different sites, is unexpected, the lack of distance decay may be explained by overall environmental similarity and spatially uncorrelated factors, such as soil depth. Cross environment dispersal of microbial communities due to strong lateral riparian connectivity was not observed. Bayesian estimation indicated very little connectivity between aquatic and terrestrial (soil and sediment) sources.
To identify whether ground and tile water could serve as dispersal pathways, we compared ground and tile water community composition with the soil, sediment and river water samples. The communities in ground, tile and river water samples differed significantly based on weighted Unifrac distances (ANOSIM, R = 0.88, P < 0.001). These differences were due in part to differentially abundant taxa, including several taxa found only in terrestrial the soil and sediment samples and ground soil or tile waters samples (Table S2 , Supporting Information). Notably, nine OTUs were differentially abundant between the river and tile or groundwater, including OTUs from phylum OP3, families Oxalobacteraceae and Syntrophobacteraceae and genus Rhodococcus. All of the four differentially abundant OTUs observed in groundwater but not in river water were also found in the soil samples and three were found in the sediment samples, suggesting that there is dispersal between the terrestrial environments and the subsurface. One of the five differentially abundant OTUs that was observed in tile water but not river water was also identified in the soil. This would be expected because tiles drain water from the soil.
Association network analysis
Based on the observed differences in landscape connectivity and differences between aquatic and terrestrial (soil and sediment) communities, we inferred metacommunity co-occurrence Figure 5 . Pairwise co-occurrence relationships across environments. The consistent pairwise co-occurrence relationships with ρ values greater than 0.5 were determined (A) between water and soil, (B) between soil and sediment, and (C) between water and sediment. Consistent pairwise co-occurrence relationships with ρ values greater than 0.75 were only found between soil and sediment. We color coded the OTU nodes coming from the eight most abundant phyla observed in all samples. The bubble size of each OTU node within a network is proportional to the degree of the node. networks within and across environments. We used an ensemble correlation metric comprised of compositionality corrected Spearman's and Pearson's correlation coefficients as well as FDR-adjusted P-values to identify significant associations between OTUs and compared interaction frequency and network structure in different environments. The generated metacommunity co-occurrence networks captured 4553 relationships (edges) involving 500 OTUs (nodes). Co-occurrence networks for each environment and different strengths of correlation are shown in Fig. S7 (Supporting Information) . Most of the identified relationships had correlation strengths >0.5, including 1596 relationships in soil communities, 405 in sediment communities and 1939 in water communities. Correlations with ρ > 0.75 were much less common-200 in soil, 255 in sediment and 137 in water. Compared to the other networks, the sediment network contained fewer relationships but a higher percentage of strong (ρ > 0.75) positive associations (38% of the total edges). The differences in network edge density and frequency of strong associations are surprising but may be due to differences in niche partitioning strength in different habitats. Only one exclusion relationship was identified in water with correlation <-0.5 in both metrics, and it was between OTU 113 (family Microbacteriaceae) and OTU 342 (genus Flavobacterium). We did not observe negative correlations <-0.5 in either soil or sediment networks.
We identified co-occurrence relationships that were consistent across environments (Fig. 5) , and the sediment and soil co-occurrence networks displayed the highest overlap with 60 shared relationships. Only 24 relationships were common to the soil and water networks and only 9 relationships were shared between the sediment and water networks. Only a single cooccurrence relationship with a correlation >0.5 was found to be consistent across all environments, the relationship between OTU 142 (genus Arthrobacter) and OTU 867 (genus Mesorhizobium). Both genera are common soil bacteria, although their appearance in water samples was unexpected. We then calculated degree for each OTU in each environment. All three networks had long-tailed degree distributions fit by power law functions indicating scale-free network structures and non-random co-occurrence patterns (Fig. S8, Supporting Information) . Notably, the scaling exponent of the power law differed for water (a = 0.61) and soil and sediment (a = 0.44 and 0.43 respectively) OTU networks. Networks in soil and sediment had degree distributions significantly different from those in water (Wilcoxon rank-sum test, P < 2.6 × 10 −3 and P = 1.6 × 10 −24 , respectively).
Despite their similar power law exponents, soil and sediment communities also had significantly different degree distributions (Wilcoxon rank-sum test, P < 5.7 × 10 −10 ), due in part to fewer overall edges in the sediment network.
DISCUSSION
Connectivity influences fluvial microbial community structure
The diversity and activity of microbial communities in lotic and soil environments have each received considerable research attention (Fierer et al. 2012; Zeglin 2015) ; however, most analyses performed to date have analyzed a single environment. While the environments are disparate and contain unique microbial communities, hydrological connectivity between them may provide an important pathway for microbial dispersal and structure microbial biogeography (Hullar, Kaplan and Stahl 2006) . Thus, they should be studied in tandem to fully understand the interconnections of each environment's microbial communities.
To analyze the impact of connectivity, we characterized diversity and connectivity in soil, sediment and water microbial communities within a highly managed and predominantly agricultural basin. We identified a large proportion of the downstream aquatic communities that originated in upstream source aquatic communities in the USRB (85.4 ± 13.3%). Given the hydrological connectivity between these sites, the community similarity between them was unsurprising. Notably, we found that a substantial fraction of the microbial community in downstream terrestrial (soil and sediment) samples could have originated in upstream sediments (contributing up to 38.5 ± 26.3% to downstream terrestrial samples) and soil media (up to 44.7% ± 26.6%). The high overlap between soil and sediment suggests higherthan-expected dispersal between these environments combined with similar environmental pressure, which has led to community homogenization. We observed a low frequency of crosshabitat OTU sourcing, which was especially surprising between sediment and aquatic environments. The sediment samples in this study came from exposed sections of the river cut bank that were dry during sampling. Fully submerged sediments may show higher similarity to the water column itself, especially during and after rain events. Previously, downslope inoculation from terrestrial communities has been identified as a major factor in the dispersal of microbial communities in freshwater aquatic environments (Crump, Armbrust and Baross 1999; Crump, Amaral-Zettler and Kling 2012) ; however, there is limited evidence for aquatic seeding of terrestrial communities. Shared OTUs between tile water and soil/sediment communities, as seen in Table S2 , indicate that tile drains are one route for connectivity in this direction within the USRB. The extent of lotic connectivity to surrounding environments is influenced by factors including flooding frequency, drainage class, stream order and mixing (Hullar, Kaplan and Stahl 2006) . Our results indicate that hydrodynamic transport of bacterial cells plays an influential role in fluvial community structure, but cross-habitat dispersal is likely low due to fast drainage through tile drainage networks and intensively managed river flow.
Cross-habitat connectivity and dispersal from terrestrial to aquatic environments occur through a variety of processes including overland transport, mixing of tributary water, discharge of groundwater from cut banks and hyporheic exchange (Feris et al. 2003) . Few studies have attempted to quantify the impact of landscape management on microbial transport. Lindström and Bergström (2005) found that connectivity increased community similarity, but there was no difference in cell transport between lakes connected by ditches or by streams. Intensive management of the USRB, i.e. construction of drainage ditches and tiles, has drained seasonally flooded low-gradient areas and reduced the intensity and duration of flooding. Water flow through tile drains and soil pores appears to connect the soil and floodplain environments to the shallow groundwater, without any overland flow or runoff, as evidenced by OTUs found only in the soil, sediment and soil or tile waters (Table S2) . Surprisingly, the total abundance of these OTUs was low and we observed limited evidence of lateral riparian exchange between soil and floodplains and lotic communities.
Overland flow is another mechanism for cross-habitat dispersal in the USRB. Flooding in the basin occurs primarily in the spring and early summer when the water table is highest. Sampling for this study was performed during the late summer when baseflow in the river was lower. It appears that active exchange of organisms between the sediments (from cut banks and the floodplain) to the river plays a limited role in structuring microbial communities at this time of year. Flooding in low-lying areas remains a source of intermittent connectivity in the basin, but the effects on microbial community composition may be transient. Microbial community responses to storm events can occur on the order of days (Kobayashi et al. 2008) , and these episodic events would be missed by our sampling regime. Thirty-year flow from a downstream monitoring station at Monticello, IL, suggests that bankfull discharge, in which the sediment regions are fully covered with water, occurs several times per year during major storms (Fig. S9, Supporting Information) . These events are more frequent in spring and early summer. Higher frequency sampling of sediments in the parafluvial zone, especially immediately after flooding events, could address the potential for these areas to contribute to dispersal between the floodplain and the aquatic environment. Moreover, work comparing connectivity in highly managed and natural ecosystems is necessary to identify whether the low rates of cross-environment connectivity found in our study are typical outside of intensively managed landscapes.
One limitation of our work is that the SourceTracker algorithm used in this work assumes that sequences present in downstream samples originated from one of several possible upstream source communities. Species sorting, or habitat selection, presents a confounding factor and potential source of community overlap. Quantifying connectivity during flooding as well as dry conditions and in different types of hydrological networks could help elucidate whether community similarity is a result of connectivity or of habitat selection.
Species sorting controls community assembly between environments
We observed that the microbial communities maintained distinct compositions in the terrestrial (soil and sediment) and aquatic environments on the basin scale (Fig. 2) . Our analysis confirmed that media type is a significant factor in shaping microbial community diversity (Lozupone and Knight 2007; Nemergut et al. 2011; Wang et al. 2013) . The clear differences between aquatic and terrestrial communities are not surprising, given the differences between planktonic and attached-growth conditions. Contrarily, the high degree of overlap between soil and sediment communities was surprising. We found that soil and sediment communities could not be distinguished using weighted Unifrac distances at the 97% OTU level (Fig. 3C) . We expected that soil communities would be distinct from sediment communities due to land cover, water saturation and flooding frequency differences; however, we observed highly similar composition in both environments. Intensive landscape management in the USRB may contribute to this 'biotic homogenization' by creating similar soil conditions (eutrophic, artificially graded and relatively homogeneous) in both the agricultural soils and neighboring stream banks and floodplains. In addition, rapid draining of fields through the tile drains could increase soil erosion and dispersal of microbes from soil to floodplain in the USRB (Li et al. 2010) . Combined with nutrient conditions and higher residence time for terrestrial microbes, these factors could explain the high similarity between soil and sediment communities.
Despite compositional similarity between the soil and sediment samples, we found that floodplain sediments had higher richness and Shannon diversity than the soil communities. Higher alpha diversity in the sediment communities may result from the high degree of niche availability afforded by intermittent flooding and connectivity with the river. Floodplains in the USRB sediments are often inundated during high flow events due to the rapid discharge from stream ditching and agricultural tile drainage. The intermediate disturbance hypothesis predicts that community richness will decrease in environments with too few ecological disturbances because they become dominated by specialized taxa (Connell 1978) . Intensive landscape management decreases the duration of overland flow and results in chemostatic nutrient conditions in the watershed (Schilling and Helmers 2008) , which could decrease diversity in the soil and water communities. Intermittent connectivity could replenish microbial diversity that would otherwise be lost under such intensive management.
To corroborate the sources of downstream microbes from upstream communities identified previously, we analyzed dispersal limitations using partial RDA and distance-decay curves. We compared the impact of environmental variables and geographic distance on aquatic community structure using partial RDA. By examining the variance explained by spatial and environmental differences separately, we identified that location and then nutrient concentrations explained the most variation in aquatic community beta diversity (Table S1 ). This supports our hypothesis that connectivity and transport are key factors that structure water communities, even when compared with species sorting processes. Our distance-decay analysis revealed that distance did not explain variation in the soil communities we examined, suggesting that deterministic responses to local environmental factors explained most of the variation in this environment (Wang et al. 2013) . In contrast, spatial distance was correlated with weighted Unifrac distance for sediment and aquatic communities, implying that unmeasured environmental factors or stochastic processes, such as dispersal, regulated communities in the soil and aquatic environments. Interestingly, the most abundant (≥1% relative abundance) OTUs displayed stronger distance-decay patterns than rare (<1%) OTUs in these communities, suggesting that assembly processes impacted the rare and abundant biosphere differently.
Co-occurrence patterns differed between environments
Modern community assembly theories, such as the metacommunity framework, include both connectivity-driven dispersal processes and species sorting mechanisms (Liebhold, Koenig and Bjørnstad 2004) . In the USRB, the Sangamon River represents a high dispersal system in which community structure should be heavily influenced by transport. We analyzed co-occurrence networks formed by microbes within and across environments in the terrestrial landscape for differences between aquatic and soil/sediment community structures. Co-occurrence patterns in these networks indicate how the microbial communities are structured by interspecific competition and other mechanisms (Horner-Devine et al. 2007) .
One interesting feature of the association networks we generated was the low prevalence of negative (co-exclusion) relationships. Only a single negative relationship with an FDRcorrected P < 0.05 and R < -0.75 was observed across all three networks. Due to the compositional and sparse nature of highthroughput sequence data, co-occurrence network construction can suffer from several sources of bias. Sparse datasets may result in a number of 'none vs. none' comparisons that can interfere with detection of true negative correlations between OTUs. In a recent comparison of different association metrics, Weiss et al. (2016) showed correlation metrics differed in their ability to detect certain relationship types. In particular, CoNet (the ccrepe package) was poor at detecting competitive (mutual exclusion) relationships compared with Spearman correlation. Despite this bias, when multiple metrics were combined in an ensemble metric, the overall precision and accuracy improved.
Our results showed that consistent and significant pairwise co-occurrence relationships between OTUs were much more common in soil and water communities compared with the sediment community. The observation of non-random cooccurrence patterns suggests that deterministic processes such as interspecies competition or niche differentiation dominate the structure of communities in terrestrial landscapes (Dumbrell et al. 2010; Barberán et al. 2012) . Biotic interactions should increase the frequency of observed co-occurrence relationships, whereas stochastic processes and dispersal should limit the appearance of co-occurrence patterns (Widder et al. 2014) . Fewer observed associations combined with higher overall alpha diversity in the sediment communities suggest that the sampled sediments were more influenced by stochastic processes and disturbances.
Similar to previously described microbial co-occurrence networks, OTU association networks in all three environments had long-tailed degree distributions, although the scaling coefficients varied between all the environments. Limited consistent co-occurrence relationships were observed across all three media types, which indicates that each environment has distinct microbial communities (Lozupone and Knight 2007; Nemergut et al. 2011) . Just 2.9% of all co-occurrence relationships found in either the soil or sediment were present in both sample types, and consistent cross-environment relationships were less common between the other environments.
Microbial biogeography patterns result from a combination of environmental selection (species sorting) and dispersal within and between environments. In this study, we identified strong signals of landscape connectivity within lotic communities, but we found little dispersal between the soil and sediment environments and the aquatic environments. Dispersal along the river led to significant distance-decay patterns that were evident in analyses via Mantel tests and SourceTracker. These trends persisted even after correcting for measured environmental variation in partial RDA. However, the communities studied displayed fewer significant distance-decay patterns. Together, our results are consistent with the metacommunity community assembly framework. More work is needed to identify whether dispersal and connectivity play a larger role in shaping communities during the spring and early summer and how communities in more natural hydrological systems behave.
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